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Abstract-The influence of H202 on the photo-reductive precipitation of Eu 3+ from a solution containing Sm ~§ Eu ~§ 
and Gd ~+ was investigated. The solution contains isoprop~ol as a reduction agent, ammonium sulfate as a precipitation 
agent, and hydrogen peroxide as an acceleration agent of precipitation rate. A mercury lamp emitting a wavelength 
of 254 m-n was used as a light source. Adding a small amount of H~O~ considerably increased the photo-reductive pre- 
cipitation rate of Eu ~§ OH radicals obtained from the photodecomposition of H~O~ oxidized isoprop~ol into the radical 
(CH3)?C'OH and the resultmg radicals reduced Eu ~§ rapidly. It was found that the organic radical has the ability to 
reduce oNy Eu 3+ in the solution containing Sm ~+, EU 3+ and Gd ~+. The precipitation yields of Eu, Sm and Gd were about 
99%, 10% and 4%, respectively. It was also found that the Sm and Gd were not photo-reduced and co-precipitated 
with Eu. 
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INTRODUCTION 

Rare earth elements have been widely used in vaiious indus~aiaI 
fields such as optics, metallu~y, electronic and magnetic areas, cat- 
alysts and nuclear eneigy [Kirk and Otl~-nei; 1980]. Due to such if-n- 
tzortance, many efforts for the individual separation of the rare earth 
elements have been also carried out 

Recently, in the nuclear field, the minor acfinides (Am, Cm, Np), 
classified to be long-lived nuclides, were partitioned from HLLW 
(high-level raclioactive liquid waste) either by solvent extraction 
[Lee et al., 2001 ; Oh et al., 1985] or by precipitation [Kffn et al., 
1995] to be transmuted in ~ansmutation systems such as an accel- 
erated &-iven reactor or a fast reactor [OECD/NEA Room Docu- 
ment, 1999]. At this time, the rare earth elements (La, Eu, Sin, Gd, 
Nd, etc.) were extracted together and some middle rare e~hs  (Sm, 
Eu, Od) were finally co-slfipped into the aqueous solution [ivloz-ita 
et al., 1995]. Middle rare earth elements, having a large cross sec- 
tion area on neu~-ons, should be removed from the solution for the 
effective transmutation of minor actinides. 

Since the separation factor of Eu is lowest in rare earth elements 
during solvent ex~-action and s~-ipping, it is important to ul~-nately 
remove Eu in aspects of neu~-on economics. Tfivalent Eu 3+ is known 
to be the most reducible to the divalent fom~ in the rare earth ele- 
ments. Since the reduced Eu 2§ is different from Eu 3§ in chemical 
behavior, Eu 2§ can be easily separated fi-om the ~valent rare earth 
elements either by solvent extraction or by ion exchange. 

Several methcds [Peplz~-d et al., 1962; Hirai and Konasa~va, 1992] 
were intrcduced for the reduction of Eu: eleclxolysis, re&~ction with 
~nc powdei; etc. Although they have been applied to commercial 
plants, these meth(x:Is have some problems such as the use of large 
amounts of chemicals and difficulty in operation. Another method, 
the photoche~-nical method, is also available [Donohue, 1977; Qiu et 
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al., 1991; Hirai et al., 1993; Hirai and Kon~asa~va, 1995; Selin et 
al., 1989]. The photochemical method has some advantages; for 
example, photons can be used as chemical reagents and this meth- 
od may also show high selectivity for the reduction if an appropri- 
ate wavelength is choser~ Donohue [1977] fu~t reported the tzossi - 
bility of sel~ating sonde elements of the Iaathaaide and the acfinide 
by photochemical reaction. Qin et al. [1991] studied the photore- 
duction o fEu  fi-om the Sin, Eu and Od concen~a-ate in a mixed al- 
cohol (ethanol and isopropanol) system by using a high-pressure 
mercury lamp as a light source. Hirai et aI. [1993, 1995] presented 
the photoreduction of Eu ~+ from a mixture coiltaitmag Sin, Eu and 
Gd in the aqueous phase including chloride ions and the organic 
phase using bi (2-ethylhexyl) phosphoric acid/xylene. Selm et al. 
[1989] relx-rted that "f-m-adiation ruth e~ could be applied to reduce 
Eu 3§ to Et~ § in an aqueous solution of a mixture of rare earth ele- 
ments. Through these studies, fimcl~-nental infon-nation such as the 
effect of irradiation type, time, the light wavelength and the reduc- 
tion agent on the photoreduction of Eu were revealed. Howevez; 
infom~ation on the photoreduction rate of Eu was not available yet. 

In this work, the effect of H2Q on the reductive precipitation rate 
of Eu and its behavior were examined, when separating ]~U 3§ as 

EuSO4 from Sm 3§ and Gd 3§ by photoreductive precipitation. This 
study was focused on the separation of Eu from the rare earths mix- 
ture to acqtme basic data for the further purification of a solution 
containing minor actinides. 

EXPERIMENTAL 

A mLxed solution including Eu, Sm and Gd was used for pho- 
toreductive precipitation of Err Isopropanol, arnmonitwn sulfate and 
hydrogen peroxide were used as a reductive agent, a precipitation 
agent and a precipitation rate agent, respectively. Eu, Sm and Gd 
were ~tsed in the form of chloride salts supplied fi-om Aldrich Co. 
Other chemicals such as isopropanol, ammonium suIthte and hydro- 
gen peroxide were supplied from Merck Co. In all expei~nei~s, the 
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Fig. 1. Schematic diagram of the photoreactor. 
1. Vertical supporter 4. Aeration port 
2. Horizontal acrylic supporter 5. Hg-Lamp 
3. Sample tube 6. Power generator 

concentrations ofEu, Sm and Gd were fixed as 0.01 M, respectively 
The concentrations of mmnoifiu~n sulfate and isoprot~lol were 0.1 
M and 2 M, each. The concen~-afion of hydrogen peroxide ranged 
from 0 M to 2 M. 

The equipment used for the photo reductive precipitation of Eu 
was supplied from Rayonet Co (Model: RPR-208). It consists of 
an Hg-Iamp with 120 W, emitting a waveleigth of 254 imp. A sche- 
matic diagram of the expenme~al equipment is shown in Fig. 1. 
The photo reactor is a cylinder-type 40 cm in diameter and 60 cm 
in height Eight mercury lamps are located at the circ~rnference of 
the reactor, from which UV light travels in the direction of the core 
of the reactoi~ The mateiial of the reaction tube is quartz and its ca- 
pacity is 15 ml. As seen in Fig. 1, the reaction tubes are located on 
the circ~rnference of the circular-type horizontal supporter, which 
is made of acrylic resin and is designed so that the eight reaction 
tubes can run simultaneously. In order to cor~xol the tempemtt~-e 
of the reaction tubes during m-adiation of UV on the reacting solu- 
tion, air-circulation ports are mstalied at the bottom of the reactor 
for air-coolmg. However, &inng UV irradiation, the temperature 
of the working solution was increased flora room tempera~-e (19-2- 
2 ~ to 41 +2 ~ within 30 min and then was kept stable at all times 
during the photolysis. Since it was not easy to cool the photo reac- 
tor to room temperatare, all the expenments were carried out at ap- 
proximately 41 ~ When the temperatare of the solution approached 
about 41 ~ and became stable, the tubes containing the working 
solutions were placed into the photoreactor. The amount of work- 
lng vokune used in all experiments was 1 @ ml. A sample of 100 gtI 
was taken to dete~nine the precipitation yield of Eu in the solution 
during photolysis. 

The concen~-ation of the elements (Eu, Sm and Od) in the aque- 
ous solution was determined by an inductively coupled plasma atom- 
ic emission spec~rophotometer (ISA lobin-Yvon JY 50P). The ab- 
sorption spectra of the aqueous solutions containing Eu, Sm and 

Gd were measured with a UV-vis spectrophotometer (Shimadzu 
UV-160 A). The hydrogen peroxide concentration was measured 
by reflectometry (Reflectoquant, Merck). 

R E S U L T S  AND DISCUSSION 

Fig. 2 shows the result of the photo-reductive precipitation of 
Eu, Sm and Gd in the solution. As seen in Fig. 2, the precipitation 
yield of europium increased cku-ing photolysis and reached about 
95% after a photolysis time of 8 hours, wtfile both Sm and Gd were 
hardly precipitated This can be easily understood fi-om the fact that 
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Fig. 2. Pbotoreducfive precil)itation of Eu, Sm anti Gd elements. 

Table 1. Redox potential values E~ of the lanthanides cal- 
culated by Nugent et al. 

EIement Value [V] Element Value [V] 

La -3.1• Gd -3.9• 
Ce -3.2• Tb -3.7• 
Pr -2.7• Dy -2.6• 
Nd -2.6• 0.2 Ho -2.9 • 0.2 
Pm -2.6• 0.2 Er -3.1 • 0.2 
Sm -1.6• Tm -2.3• 
Eu -0.3• Yb -1.1• 
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Fig. 3. UV spectrmns of Eu, Sm and Gd cldorides in an ammo- 
nium sulfate solution. 
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Photo-reductive Precipitation of Euxopium Sulfate 

the reductive potential of Eu ~§ is the highest of the rare earth ele- ~4o 
ments as shown in Table 1 [Nugent et al., 1 973], and also fi-om the 
results of the absorption spectra of each single element 0gu, Sin, 
Od)-contaiting solutions as shown in Fig. 3. It was observed that 
~.U 3+ ions absorbed light of around 250 nm, whereas both Sm > and 
Od > ions did not absorb ttmt of around 250 zm~ at all. Siince the light 
source used in this work emits light around 254 nm, only Eu 3§ can 
be excited. Therefore, Eu could be selectively sel:~-ated fi-om both 
Sm and Od. 

Generally, the photo-reductive mechanism of Eu > into Eu > was 
known as follows [Don&u< 1977; Qiu et aI., 1991; Hkai et aI., 
1993; Hirai and Komasawa, 1995]: 

Eu>+H~O+hv=Eu>+ H§ 

(CH~)~CHOH+ OH=H~O+ (CH~)~C'OH 

(CH~)~C'OH+ Eff§247 (CH~)~C=O 

Eu>+ SO~- =ERGO 

(i) 

(2) 

(3) 

(4) 

Donohus [1977 ] reported that the chmge tmmfer band fiom H:O 
to ]~u 3+ appem~ at 188 r~-a and that fiom SO{ to Eu > appears at 
235 inn in the solution containing Eu > and SO~-. This agrees with 
this work as seen in Fig. 3. Donohus [1977] also reported that the 
raclicals (OH) formed in the pchnary process (1) should be scav- 
enged with isopropanol to prevent the reverse reaction, i.e., the ox- 
idation of Eu >. The resulting o~anic radicals (CH~)2C'OH can 
cause ft~ther reduction ofEu ~§ and then EC § with SO{ 
to be removed from the solution as a precipitate. 

From the above mechanism, we can enhance the precipitation 
rate of Ett This mechanism indicates that if the concenlzation of 
OH radicals increases clucing photolysis, the reduction rate of ]~u 3+ 
will also increase. In order to verify this, a small amount of H~O~ 
was added to the solution before photolysis was begun. It is well 
known that H~O~ is dissociated into OH radicals under the in-adia, 
tion of light with a wavelength of less than 300 inn. The experi- 
me~taI result is given m Fig. 4. As expected, the txecipitation rate 
of europium ions considerably increased as compared to those in 
the solution without H~Q. The precipitation was initiated in 10mm 
and almost terminated wittKn 1 hour after m-adiation of T,~L It was 
considered that the reductive precipitation rate was accelerated by the 
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Fig. 4. Photoreducth, e precipitation of Eu, Sm anti Gd elements in 
the presence of H202. 

307 

' ~  120 

:~ ~ 100 

"~ 4o :~r 

%.0 01, o:2 o:3 01, 0; 016 0) 018 0; ,.0 
Init ial  H 2 0 2  C o n c e n t r a t i o n (  M ) 

Fig. 5. Variation of initial formation time of EuSO4 wRh initial 
H202 concentl~tion. 

formation of relatively large amounts of orgarnc radicals (CH3)2C" 
OH which are produced tt~ough Eq (2) by adding small amounts 
of H2Q. Fig. 5 shows the relation of the added amounts of H2Q 
and the initial precipitation time of the reduced Eu >. Sua-prismgly, 
it was coifinned that the initial precipitation thne was longer as the 
added amounts of H202 increase4 With the experlmentaI condition 
m this work, the minknaI initial precipitation thne was found at an 
H202 concen~-ation of 0.05 M in the solution. This implies that an 

2+ excess of H202 can oxidize the reduced Eu and subsequently pre- 
vent the fom~ation of the reduced Eu >. In fact, H202 and OH radicals 
have high oxidation potentials. The values are known to be 1.77 V 
[KoMy and Sucba, 1985] and 2.72 V [Sa~vyei; 1989], respectively. 
These potential values can sufficiently oxidize Eu 2+ into Eu >. Based 
on this fact, the oxidation meclnmism of E ~  in the presence of H202 
and OH radicals can be protmsed In the case of OH radicals, the 
possibility of oxidation tt~-ough Eq. (1) was akeady given. In other 
words, the OH radicals produced during photolysis of H2Q react 
not only with isopropanoI but with Eu > as seen in Eqs. (1) and (2). 
Therefore, the increased OH radicals &tring photolysis sufficientiy 
oxidized Eu >. In the case of H20> an oxidation of Eu 2+ can be ex- 
pressed as follows: 

Potential (V) 

2Etf*+ H~O~+ 2H*=2Eu>+2H~O +2.I2 (5) 
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Eq. (5) indicates that when a large ~nount of H~Q exists in the solu- 
tion, the Eu ~* produced by photolysis can be rapidly oxidized. Ac- 
cordingly, the photo reduction of Eu 3. cannot cccur un0aI H~Q nearly 
disappears in the solution. Fig. 6 shows the result of photodecom- 
position of H~Q. The complete photodecomposition time of H~O~ 
became much longer with an increase in the H~O~ concentratio: 
We can fred fi-om these results that at a given H~O~ concenh-ation 
the complete photcdecomposition time of H~O~ is almost identical 
to initial precipitation time of E u S O  4. Accordingly, small amounts 
of H~O~ should be used for the effective photo-reductive precipita- 
tion of Eu. 

Precipitation yields of Eu reached 99% when H~O~ was added 
Such an increase of the reduction yield of Eu 3+ is considered to be 
due to the production of large amounts of reducing agent (CH3)2C" 
OH. The reduction potential of the organic radicals is lo:own to be 
1.3 V in water [Schwarz and Dodson, 1989]. This value can suf- 
ficiently reduce Eu 3+, bu[ is insufficient to reduce Sm ~§ or Gd ~§ Ac- 
cordingly, although large amounts of organic radicals are produced 
&tnng photolysis, both Sm ~+ and Gd ~+ are not reducible. This indi- 
cates that Eu can be selectively and rapidly separated from a rare 
earth mLxtare including Sm and Gd Nevertheless, when H~O~was 
added the precipitation yields of Sm and Gd increased slfghtly to 
10% and 4%, respectively. Tt~ is a~-ibuted to the fast precipitation 
of Eu causing the co-precipitation of both Sm and Gd. This could be 
confmned from the fact that when the solutions containing single 
elements (Sin, Eu and Gd) were m-adiated in the presence of H~O~, 
both Sm and Gd were not precipitated at all although this result was 
not given in this work. On the other hand, the results are expected 
to be usable for the solution with minor ac~ides. The reduction 
potential value of trivalent anericit~ (E~ V) is the low- 
est of the minor ac~ides. In other word,  the ixesent system can- 
not reduce trivalent americium to divalent americitrn and further- 
more, cannot reduce Np and Cm. 

CONCLUSIONS 

The following results were obtained from the study on the pho- 
toreductive precipitation of Eu from the solution containing Sm ~+, 
Eu 3+ and Od "~. 

1. The tfivalent Eu was :-educed to the divalent state by UV light 
irradiation with the mercury lamp emitting 254 ran, and was pre- 
cipitated in the form of E u S O  4. 

2. The fast precipitation rate of Eu could be obtained by the ad- 
dition of smalI anour~ of H2Q. This was attributed to the OH rad- 
icals, produced by photolysis of H~O~, radicalized isopropanol and 
the resultmg orgamc radicals rapidly reduced Eu 3+ into Eu ~+. The 
addition of H~Q results in a higher Eu precipitation yield of 99%. 

3. The precipitation yield of Sm and Gd was 10% and 4~ re- 
spectively. 
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